ABSTRACT The optimal transmission policy is investigated for two-way (TW) energy harvesting (EH) dualrelay networks with a stochastic EH model. There exist two solar-powered relays which have finite-sized batteries, and at most one relay is selected to facilitate the network's information exchange. The objective is to optimize the network's long-term outage performance by adapting the relay selection and power allocation to the system stochastic conditions. Thus, a Markov decision process (MDP) is utilized to formulate the design framework. From the MDP, the optimal transmission policy of the network is derived to indicate the adaptive relay selection and power allocation, and the computation of the network's expected outage probability is presented. Further, the optimal transmission policy is asymptotically analyzed, and an active relaying property and a power convergency property of the optimal policy are pointed out. Moreover, according to the properties of the optimal policy, the long-term outage probabilities of the network are found to approach the limitation in sufficiently high SNRs, which is determined by the empty probability of the dual-battery under the optimal policy. Finally, computer simulations validate the analysis.
I. INTRODUCTION
Energy harvesting (EH) communications in wireless networks have become popular due to the efficient solutions to energy supply problems for wireless communication nodes which have no fixed power supply [1] . In the EH communication network, the EH nodes scavenge energy from renewable energy sources and electromagnetic radiation to fulfill data transmissions [1] , [2] . Cooperative communication techniques have been widely used as effective solutions to increase coverage and capacity in communication networks [3] , and recently the cooperative networks with EH communication nodes have attracted much attention [2] . However, due to the uncertainty of the energy which is scavenged from ambient surroundings, the issues on how to use energy more efficiently should be seriously investigated in the EH cooperative networks. In the current research works, according to the availability of non-causal knowledge on
The associate editor coordinating the review of this article and approving it for publication was Derek Abbott. energy arrivals, the EH models are mainly classified into two types: deterministic models and stochastic models [2] . Correspondingly, the research methods for the energy usage and transmission policy designs in the EH communications are primarily divided into two classes: offline and online [2] .
The EH cooperative communications were first studied in one-way relay networks [2] . The authors in [4] proposed an optimal scheme for the power allocation of EH source and relay nodes in the classic three-node cooperative network by using a deterministic EH model. While, according to a stochastic EH model [5] , the authors in [6] presented an online energy scheduling policy for the EH relay in the three-node cooperative network. In addition, the transmission policy was investigated to improve the short-term performance of the EH two-hop network based on a deterministic EH model in [7] . Both the offline and online power allocation schemes were proposed for the EH communication nodes of the two-hop network in [8] . Further, the transmission schemes of joint relay selection and power allocation were studied for the one-way EH multi-relay network in [9] and [10] . networks with only one EH relay node in [24] and [25] . Further, in [22] and [26] , the adaptive energy scheduling schemes for two EH source nodes and one EH relay were analyzed. However, so far, the online transmission policy for the TW relay network with more than one solar-powered relays has not been discussed by considering the stochastic EH model in [5] .
In the TW relay networks with multiple solar-powered relays, due to the uncertainty of the harvested solar energy, it is an effective means of energy conservation to select one relay dynamically for signal forwarding. Moreover, by selecting only one relay, the EH cooperative network is much easier to be implemented with less cost from the perspective of synchronization complexity [10] . In addition, the TW relay network with two relays is the fundamental architecture of the TW multi-relay network, and thus the study of dual-relay networks can be regarded as an fundamental step toward understanding the design of relay selection for the multi-relay network. Therefore, the joint relay selection and power allocation scheme of the TW relay network with two EH relays should be investigated first and foremost.
Motivated by the above discussions, in this paper, we analyze the adaptive transmission policy of the TW dual-relay network with relay selection and stochastic EH. In the network, the two relays equipped with finite-sized batteries harvest the solar power to fulfill data transmissions, and the stochastic EH model in [5] is used to describe the dynamics of solar energy arrivals. During one transmission period, at most one EH relay is selected to facilitate the network's bi-directional information exchange with the decode-andforward (DF) protocol [12] . In addition, since there exists the tradeoff between the energy preservation and instantaneous transmission performance in the EH communication networks, it is important to study the network performance in terms of infinite horizon, i.e., the long-term [24] . Thus, in order to minimize the long-term outage probability, the EH relay selection and the transmit power of the selected relay are jointly optimized regarding with the stochastic EH condition and wireless channel fading in the network.
Based on the above discussions, in the optimal transmission policy of the considered network, the long-term outage probability-based criterion is proposed to fulfill the adaptive relay selection and power allocation. This problem is basically a type of stochastic optimization about the resource management under the consideration of system stochastic conditions. Moreover, the Markov decision process (MDP) is a kind of stochastic optimization techniques and its solution approaches have high efficiency and convergency [27] . Thus, we adopt the MDP to formulate the optimization framework. In the MDP model, the system state represents the solar EH status, the available energy quanta in the two relays' batteries and the wireless channel fading conditions related with the two EH relays. The MDP action stands for the index and transmit power value of the selected relay. According to the system state and action of the MDP, the reward function describes the network's conditional outage probability.
Subsequently, from the MDP, we derive the optimal transmission policy to indicate the adaptive relay selection and power allocation, and compute the expectation of the network's outage probability in theory. Further, the optimal policy is asymptotically analyzed, and then the long-term outage probabilities of the network under the optimal policy are found to approach the limitation in sufficiently high SNRs. The key contributions of this work are described in the following:
• The long-term outage probability-based criterion is proposed to fulfill the adaptive relay selection and power allocation. Since the long-term outage performance can reflect the tradeoff between the energy preservation and transmission performance effectively, it is important and valuable to the EH communication networks.
• Moreover, the active relaying property and power convergency property of the optimal transmission policy are both uncovered, which indicates that one EH relay whose battery is non-empty must be active in fulfilling the information exchange and its transmit power value converges to a basic power value during each transmission period in sufficiently high SNRs. These special properties show the relationship between the network's stochastic conditions and transmission actions, and they can be used to derive the heuristic policy with low complexity.
• Finally, the limitation of the long-term outage performance of the network with relay selection in sufficiently high SNRs is uncovered, and it is approximately equal to the empty probability of the dual-battery associated with the optimal policy. This result reflects that how the EH capabilities of the EH relays affect the outage performance, and it can guide the performance improvement of the considered network. In this paper, by referring to the MDP framework designs of the EH TW relay networks in our previous works [22] , [24] and [25] , the online transmission policy of the TW relay network with EH is investigated even further based on the stochastic EH model in [5] . In [24] and [25] , the optimal power allocation was presented for the TW relay network with only one EH relay. In [22] , the joint power allocation method for two EH source nodes and one EH relay in the TW relay network was proposed. In this paper, we focus on the TW relay network with two EH relays and investigate the more complicated transmission policy on the joint relay selection and power allocation. In addition, from the perspective of analysis results, a saturation property of the outage probability in the network with one EH relay was found in [24] , the diversity performance was uncovered for the network with two hybrid relays in [25] , and the on-off threshold structures with multiple dimensions related with the optimal policy were presented in [22] . However, in this work, an active relaying property related with the optimal transmission policy is found out to indicate the relationship between the relay selection and the system conditions. Moreover, the limitation of the network's outage performance in sufficiently high SNRs is pointed out regarding with the optimal relay selection. 
II. SYSTEM MODEL
A TW relay network is illustrated in Fig. 1 , where two source nodes communicate with each other under the help of two intermediate EH relays, R 1 and R 2 . Each wireless node has a single antenna and performs in the half-duplex mode. The two source nodes A and B have fixed power supply, while each relay has a finite-sized battery and scavenges solar energy to fulfill data transmission. All wireless channels in the network are independent, quasi-static and flat fading with Rayleigh distribution, and thus each channel gain has independent and exponential distribution with mean θ .
We adopt an N e -state stochastic EH model in [5] to describe the evolution of the solar EH status. If the EH condition stays in the e th state, the harvested power in one unit of solar panel areas, P h , is a Gaussian variable with the random distribution N (µ e , ρ e ) [5] . In addition, the energy is managed in units of E U and in the time scale of T M [5] . The harvested energy in one period T M is calculated as E h = P h T M η, where denotes the solar panel area size and η represents the energy conversion efficiency, and it is quantized in units of E U for the storage and usage.
As referring to [12] , in the considered network, a twophase transmission protocol is exploited to execute the bi-directional information exchange, and it includes a multiple access (MA) phase and a broadcast (BC) phase whose time durations are identical. Further, a number of the two-phase transmission procedures constitute one transmission period T M , and at most one EH relay is selected to help the information exchange during one period T M . When an EH relay is selected, it would consume the partial or whole energy in its battery to forward the signal, which depends on the system stochastic conditions. In the following, we discuss how to select the EH relay and determine its transmit power jointly and adaptively in each transmission period.
III. MARKOV DECISION PROCESS DESIGN
In the TW EH dual-relay network, the objective is to select the optimal relay and compute its transmit power jointly and dynamically, so as to optimize the long-term outage performance under the consideration of the causal EH status, the available energy stored in the two relays' batteries and the wireless channel fading. Thus, in the optimal transmission policy, the long-term outage probability-based criterion is exploited to fulfill the joint relay selection and power allocation. In order to tackle this stochastic optimization problem, as referring to the optimization method in [5] , the system is formulated as an MDP whose elements are described in the following.
A. TRANSMISSION ACTION
Let A = A S × A P be an action space with two dimensions, where × denotes the Cartesian product, A S = {0, 1, 2} represents the relay index set, and A P = 0, 1, · · · , N p − 1 is the power action set of the selected relay. If the transmission action a = a s , a p ∈ A is adopted in one transmission period T M , the relay R a s is selected and its transmit power value is equal to P r = a p P U during the current period, where P U represents the basic transmit power value and it multiplied by the half period [24] . Specifically, the two relays both keep silent if the selection action a s = 0 and the power action a p = 0.
be a state space with seven dimensions, where E H = {0, 1, · · · , N e − 1} denotes the EH state set, B n = {0, 1, · · · , N b − 1} stands for the battery state set of R n , and C AR n and C BR n which are both equal to C = {0, 1, · · · , N c − 1} represent the fading state sets of the wireless channels A − R n and B − R n , respectively. Based on the definition of the system state space, a random vector
2 ) ∈ S is utilized to denote a system stochastic state. It is assumed that the system state is steady in each transmission period T M , and its value varies in two consecutive periods [24] .
(a) Solar EH State: The EH state e ∈ E H describes the intensity of the harvested solar energy, and its value is equal to the state index of the Markov chain in the stochastic solar EH model [5] . It is assumed that the two EH relays lie in the same area, and thus only one solar EH state is used to mimic the EH conditions at the two relays in every period.
(b) Battery States: The values of the two battery states are equal to the numbers of the available energy quanta in the batteries of the two relays, respectively. When the battery state of R n is b n ∈ B n , the available energy in its battery is b n E U .
(c) Channel States: A finite-state Markov chain is utilized to formulate the fading condition of each wireless channel [28] . The instantaneous channel gains of all wireless links are quantized into N c levels by using a number of threshold values, which are defined as = 0 = 0 , 1 , · · · , N c = ∞ . Thus, if one channel state is set as h ∈ C, the channel gain stays in the h th interval [ h , h+1 ). Further, as referring to [28] , it is assumed that the wireless channel fluctuates slowly and its fading condition can only vary from the current state to its adjacent states, and thus the channel state transition can be illustrated in Fig. 2 .
C. MDP STATE TRANSITION
The harvested energy is managed based on the harveststore-use protocol, which means the energy scavenged in the current period is first stored in the battery and then it is consumed in the following periods [29] . Thus, for the battery state of R n , the transition relationship between the current state b n and the next state b n under the action a = a s , a p ∈ A can be given by
where the function x N b = min (x, N b − 1) and it implies the harvested energy quanta at R n are cast out if its battery is full, the unit impulse function δ(·) is equal to zero except that δ(0) = 1, and q n stands for the number of the energy quanta of R n harvested in the current transmission period. Due to the energy causality, the possible power action of the selected relay is not bigger than its current battery state, i.e., a p ≤ b n . Specifically, when b 1 = b 2 = 0, the two EH relays both keep silent. Further, based on the above relationship, the battery state transition for R n is related with the relay selection action a s . When R n is selected to facilitate the information exchange, the battery of R n must change from the current non-empty battery state to the other states. While R n keeps silent, its battery can only change from the current battery state to the states with more energy quanta. Thus, the diagrams of the battery state transition for R n can be shown in Fig. 3 . Since the channel fading condition and the solar irradiance status are independent [5] , the system state transition probability from the current state s = (e, h 1 , g 1 , b 1 , h 2 , g 2 , b 2 ) ∈ S to the next s = e , h 1 , g 1 , b 1 , h 2 , g 2 , b 2 ∈ S when the action a = (a s , a p ) is taken can be computed as P a s |s = P e,e 2 n=1 P h n |h n ·P g n |g n ·P a b n |b n , e ,
where P e,e represents the EH state's transition probability [5] , P h n |h n and P g n |g n stand for the channel state transition probabilities related with R n [28] , and P a b n |b n , e is the battery state transition probability for R n under the EH state e and system action a. Further, by referring to [5] , the battery state transition probability can be calculated as follows
where p n is the power action of R n and it is equal to a p if R n is selected in the current period, and P (Q = q|e) represents the probability of the number of energy quanta harvested by R n conditioned on the EH state e [5] .
D. REWARD FUNCTION
In the MDP of the TW EH dual-relay network, the complement of the network's outage probability is adopted as the reward function. Let P out (s, a) be the network's outage probability at the state s ∈ S when the action a = a s , a p ∈ A is taken. Since the outage probability is unrelated with the solar irradiance and the available energy in the batteries under the determined action, the reward function is given as
where the conditional outage probability P out h a s , g a s , a p can be calculated by using Proposition 1 in [24] . Specifically, R a (s) = 0, ∀s ∈ S if the selection action a s = 0.
E. OPTIMIZATION OF TRANSMISSION POLICY
In the MDP, the transmission policy π (s) : S → A represents the action a at the state s [27] . Based on the policy π , the expected long-term total discounted reward is expressed as [27] 
where s 0 represents the initial system state, E π {·} is denoted as the expectation associated with the policy π , and the discount factor λ ranges from 0 to 1. From [5] , the different values of λ provide a wide range of performance characteristics, and the long-term average reward can be closely approximated when λ is close to 1. The optimal policy π * is defined to maximize the policy value in (5), and it satisfies the Bellman equation [27] :
Based on the above equation, the well-known value iteration algorithm in [27] can be utilized to find the optimal policy as
where s ∈ S and i represents the iteration index. From the optimization of the transmission policy, it is obvious that the optimal policy π * is related with the system preseted parameters, such as , P U , N b , and P S . For simplicity, the summation term in (7) can be rewritten as [22] s ∈S P a s |s
where E {·} represents the expectation, and the notation s |s, a stands for the state s transitioned from the state s when the action a is taken.
In the practical applications of the considered network, it is highly efficient to make the decisions on the optimal relay selection and power allocation during data transmission based on the optimal policy [22] . The computation of the optimal transmission policy could be carried out offline, and the obtained policy can be stored in the memory. Therefore, during the information exchange, the system state information can be acquired to decide the optimal scheme according to the look-up table method in every transmission period.
F. EXPECTED OUTAGE PROBABILITY
From (4), the expectation of the network's outage probability with respect to the optimal policy π * is calculated as
whereR π * is the expectation of the reward function under π * . Moreover, the expected rewardR π * is calculated as [5] 
where P π * (s) represents the steady state probability under π * , and it could be derived based on the state transition relationship in (2) and the solution method in [5] .
IV. ASYMPTOTIC ANALYSIS
In the previous section, the network's optimal transmission policy, i.e., the adaptive relay selection and power allocation scheme, is computed according to the MDP model. In this section, the proposed optimal policy is asymptotically analyzed. From (1), it is concluded that the two EH relays both keep silent when the two batteries are both empty, i.e., b 1 = b 2 = 0. While at lease one EH relay's battery is non-empty, the adaptive relay selection scheme is investigated in the following.
Theorem 1:
The optimal selection action value of the TW EH dual-relay network in sufficiently high SNRs must be non-zero in any system state with at least one non-zero battery state, i.e., a * s ∈ A S \{0} if s ∈ S \S b=0 , where
resents the system state subspace with two zero battery states.
Proof: This theorem can be proved as three cases with respect to the two EH relays' battery states b 1 and b 2 in the system state s ∈ S.
• Case 1:
In this case, from (1), it is concluded that R 2 must keep silent, and the selection action a s can be set as 1 or 0. When the action a = (1, 1) is adopted in the current state s, which means R 1 is active, the next state can be written as s |s, a = e , h 1 , g 1 , b 1 − 1 + q 1 N b , h 2 , g 2 , q 2 N b . While, if the two relays both keep silent and the actionã = (0, 0) is exploited in the current state, the next state is written as s |s,ã = e , h 1 , (7) and (9), based on the state value difference associated with one-dimensional actions in [24] , the difference of the values of the state s associated with a andã at the iteration i > 0 can be written as
According to (4), Proposition 1 and Remark 1 in [24] , we have R a (s) = 1 and Rã (s) = 0 in sufficiently high SNRs, respectively. In addition, from Lemma 1 in [24] , it is deduced that the value difference of the next states s ands in (12) stays between 0 and −1. Further, due to the fact that 0 < λ < 1, we have the relationship
(s) in sufficiently high SNRs. Thus, it is sufficient to show that the optimal selection action a * s is set to 1 when the iteration algorithm in (7) and (8) is converged.
• Case 2: b 1 = 0, b 2 > 0 Similarly to Case 1, the optimal selection action a * s = 2 can be obtained in this case.
• Case 3:
In this case, no matter which relay is chosen, the state value under the non-zero a s is always larger than that under the zero a s in sufficiently high SNRs. Thus, the optimal selection action a s is preferred to be non-zero.
Based on the above all cases, the optimal selection action a * s must be non-zero and at least one EH relay is selected to facilitate the information exchange in sufficiently high SNRs if
In fact, if the SNR is not sufficiently high, the two EH relays may both keep silent under the optimal policy π * even if their batteries are non-empty in one transmission period, so as to obtain the best long-term outage performance. However, Theorem 1 reveals the active relaying property of π * , which indicates that one EH relay whose battery is non-empty must be active to fulfill the information exchange in sufficiently high SNRs. In addition, a power convergency property of π * , which points out that the optimal transmit power of the selected relay converges to the basic transmit power P U in high SNRs, can also be proved based on the on-off threshold structural property of the optimal transmission policy of the TW EH single-relay network in [24] .
These two special properties provide useful insights to π * . The active relaying property reveals the relationship between the two battery states and the relay selection scheme, while the power convergency property reflects the power allocation characteristic of the selected relay. Further, regarding with the two special properties of π * , the expectation of the network's outage probability is asymptotically analyzed as follows.
Theorem 2: In the TW EH dual-relay network with the optimal relay selection and power allocation, the expected values of the outage probabilities in sufficiently high SNRs are approximately equal to the empty probability of the dual-battery related with the two EH relays.
Proof: By considering the system states and referring to [24] , the network's expected reward under π * can be calculated as
When the system state s ∈ S b=0 , the two EH relays both keep silent and thus the reward function is equal to zero. In addition, according to Theorem 1, one EH relay would be active to forward the signal when s ∈ S \ S b=0 in sufficiently high SNRs, and thus the reward function is approximated to 1 at this time. From (10), when the SNR value gets close to infinity, the expected outage probability under π * is computed as
where P π * {s ∈ S b=0 } represents the empty probability of the dual-battery under the optimal policy, and it is defined as the probability when the two batteries equipped by the two EH relays are both empty.
Theorem 2 explicates that when the SNR values approach infinity, the expected outage probabilities of the considered network converge to the limit value, which is approximated to the empty probability of the dual-battery P π * {s ∈ S b=0 }. Since the probability P π * {s ∈ S b=0 } is related with the system preseted parameters, such as , P U and N b , the result in Theorem 2 reflects how the EH capabilities and battery capacities of the two EH relays affect the transmission outage performance. In the practical applications, this result can guide the performance improvement of the considered network.
V. SIMULATION RESULTS
In this section, the optimal transmission policy and outage performance of the considered TW EH dual-relay network with the stochastic EH model in [5] are evaluated by computer simulations. In the EH communication networks, the solar irradiance affects the transmit power of the EH nodes, and thus a normalized SNR value in the simulations is defined as the ratio of the transmit power value 1mW to the additive white Gaussian noise (AWGN) power value at each EH TABLE 1. System preseted parameters.
FIGURE 4.
Occurrence probabilities of optimal actions of the considered network for different normalized SNRs (P U = 50mW, = 4cm 2 ).
node [5] . The system parameters are preseted in Table 1 , unless otherwise noted. Fig. 4 illustrates the occurrence of the optimal actions a * = a * s , a * p ∈ A in the optimal policy π * of the considered dual-relay network at different normalized SNR values. By referring to [24] , the occurrence probability of each value of a * s and a * p is calculated as the number proportion within all the system states s ∈ S \ S b=0 . In Fig. 4(a) , it can be found that the optimal selection action a * s can be zero in low and moderate SNRs, while a * s is non-zero and one EH relay would be active in fulfilling the information exchange in sufficiently high SNRs. Thus, this phenomenon validates the active relaying property of π * in Theorem 1. Moreover, in Fig. 4(b) , the values of the optimal power action a * p in low SNRs are diverse; however its value converges to one, i.e., the basic power action, in high SNRs due to the power convergency property. Fig. 5 exhibits the long-term outage probabilities of the considered dual-relay network with the proposed optimal transmission policy π * for different values of , P U and N b . According to Theorem 2, it is observed that the long-term outage probabilities of the network with relay selection approach the limit value in sufficiently high SNRs, which is approximated to the empty probability of the dual-battery in the network under the optimal policy, i.e., P π * {s ∈ S b=0 }. The probability P π * {s ∈ S b=0 } is decreased and the limitation of the outage performance is improved by increasing or reducing P U . The reason can be explained as follows. If gets bigger, the two relays both harvest more energy within one period T M . For the same amount of harvested energy, the two relays would preserve more energy quanta in the their own batteries if P U is reduced. The relationship between the limitation of outage performance and these two parameters is highly non-linear. Moreover, the long-term outage probability can be improved when the number of each battery state N b is increased, and the improvement in high SNRs is much greater than that in low SNRs. The reason can be explained as follows. Enlarging N b can increase the battery capacity to store more energy quanta for the data transmission, and thus the network performance can be improved by increasing N b under the given and P U . Specifically, in high SNR regimes, enlarging N b can reduce the battery empty probability, which affects the performance limit significantly. Fig. 5 also contrasts the outage performance between the TW EH single-relay network and dual-relay network. The curve named ''Single-Relay Network'' represents the outage performance of the TW relay network with an EH single relay under the optimal power allocation. Although the solar panel size in the single-relay network is set as 8cm 2 , which is equal to the total solar panel size of the two EH relays with = 4cm 2 in the dual-relay network under the same P U , the dual-relay network with optimal relay selection and power allocation outperforms the single-relay network significantly. The reasons can be explained as follows. According to (14) , the expected outage probabilities of the dual-relay network with relay selection in high SNRs converge to the empty probability of the dual-battery related with the two relays. In the dual-relay network, only one relay is selected to fulfill the information exchange during every transmission period, and the other relay can keep silent to preserve the energy in its battery at the same time. Thus, the empty probability of network batteries in the dual-relay network is smaller than the battery empty probability of the single-relay network, and the network with two EH relays performs better than the EH single-relay network. Moreover, in the TW EH dual-relay network, the fading coefficients of all wireless channels are independent, and thus there exist two independent wireless paths between the two source nodes for selection. Since the relay selection can be regarded as the path selection, the existence of the two wireless paths for selection in the dual-relay network can provide a larger probability to access good channels and attain a lower network's outage probability, as compared with the single-relay network. As a result, the TW dual-relay network with relay selection outperforms the TW single-relay network significantly.
In Fig. 5 , it is concluded that the long-term outage probabilities of the considered network converge to the limit value in sufficiently high SNRs. In addition, Fig. 6 illustrates the outage performance limits of the considered network with the optimal policy for the different values of and P U , and it reflects how the EH parameters related with the two EH relays affect the limitation of the outage performance. It can be more clearly observed that the limit value is decreasing with and increasing with P U , and the relationship between the limit value and these two parameters is highly non-linear. Fig. 7 contrasts the outage performance of the considered dual-relay network among different online transmission schemes. Since there is no literature that investigates the adaptive relay selection and power allocation scheme for the TW EH multi-relay network according to the stochastic EH model in [5] , the online transmission policies considered in the related works [9] , [22] , [30] are utilized as follows.
1) Greedy Policy: By referring to the greedy policy in [9] , in this naive policy, the relay which has more energy quanta in its battery would be selected during one period T M , and it consumes the whole energy quanta of its battery to fulfill the information exchange in one period.
2) Economical Policy: This heuristic policy is induced from the active relaying property and power convergency property of our proposed optimal policy. It is similar with the greedy policy, except that the transmit power of the selected relay is set as the basic power P U during one period.
3) Compromise Policy: As referring to the power halving method in [30] , this online policy is also similar with the greedy policy, except that the selected relay makes use of the half of the available energy in its battery in one period. 4) Dynamic Policy: Similarly to the harvested rate assisted schemes in [9] , in this online policy, the optimal relay and its optimal transmit power are jointly decided to optimize the network's outage performance regarding with the instantaneous channel gains, the two relays' battery states and the average EH rate during each transmission period.
The compared online transmission policies are described above. From (1), it is concluded that the two EH relays both keep silent when b 1 = b 2 = 0 during one transmission period in every online policies. In Fig. 7 , it can be observed that the proposed optimal transmission policy outperforms the other online policies. This is because the relay selection and the transmit power of the selected relay in the compared policies are set without concern for the complete stochastic conditions of the network. Due to the power convergency property of the optimal policy, the performance curve associated with the economical policy converges to the optimal one in sufficiently high SNRs. Since the selected EH relay in the greedy policy utilizes the complete energy of its battery and the highest battery empty probabilities are obtained, the long-term outage performance of this myopic policy is the poorest at high SNRs. For the compromise policy, its performance curve stays between those of the greedy policy and economical policy. Moreover, although only one EH relay is selected dur-ing each transmission period in all compared online policies, the outage performance associated with the dynamic policy is superior to that of the other compared policies in the low and medium SNR regimes. This is because the EH relay is selected and the harvested energy in the battery of the selected relay is consumed more efficiently by considering the instantaneous channel fading status and the average EH condition related with the two relays in the dynamic policy.
VI. CONCLUSION
In this paper, the optimal relay selection and power allocation were jointly investigated for the TW relay network with two solar-powered relays, by using a data-driven stochastic EH model and an MDP [5] . Moreover, the optimal transmission policy was asymptotically analyzed, and the active relaying property and power convergency property were uncovered. Further, referring to [24] , we computed the expectation of the network's outage probability when the optimal transmission policy is taken. In addition, the long-term outage probabilities of the network with the optimal relay selection and power allocation scheme were found out to approach the limitation in high SNRs. Finally, the computer simulations validated the analysis results.
In the future, the TW multi-relay network with more than two solar-powered relays can be investigated. Since there are more EH nodes and wireless channels in the multi-relay network, the computational complexity of finding the optimal transmission policy in this type of network is much higher than that in the dual-relay network. Therefore, the study of the dual-relay network in our paper can provide useful insight into designing the low-complexity online transmission scheme in the TW multi-relay network; for example, based on the developed framework, a one-to-one relay selection scheme can be considered for the multi-relay scenario by comparing only two relays in each round.
